Protein misfolding has been implicated in different neurodegenerative diseases[@b1]. Nature is equipped with complex biological machines to counter the misfolding threats in the form of molecular chaperones, which repair and rescue conformationally aberrant proteins[@b2][@b3]. Recent progress in chemical biology and biotechnology has necessitated the search for possible small molecule alternatives of the molecular chaperones, which would inhibit or reverse protein aggregation[@b4][@b5]. In addition, the use of small molecule chaperones has attracted enormous interests for their potential pharmaceutical roles and applications in the manufacturing and formulation development of protein based drugs[@b6]. Since protein aggregation often occurs through the formation of partially folded intermediate states with exposed hydrophobic surface, an ideal small molecule chemical chaperone is expected to target them and minimize their populations.

In this paper, we hypothesize that; an efficient small molecule chemical chaperone may contain two properties: first, it should contract the unfolded state and second, it should also behave like a denaturant. The rational for the unfolded state contraction comes from the fact that the contracted unfolded state would favor the folded state. The requirement for the denaturant like properties comes from the necessity to unfold the misfolded intermediates providing them with more opportunities to fold correctly. Although it is controversial, it is often believed that a denaturant like guanidinium hydrochloride (Gdn.HCl) or urea binds to the native state affecting the side chains. To put it differently, this hypothesis assumes that the ideal small molecule should affect not only the backbone (the unfolded state), but also the side chain (the folded state).

The first property (unfolded state contraction) may be conveniently satisfied by a group of small molecules popularly known as protecting osmolytes[@b7][@b8]. These are typically used as protein stabilizers and include free amino acids (like glycine or proline), carbohydrates (like sucrose, sorbitol or trehalose) and methylamines (such as betaine and trimethyl amine N oxide or TMAO). It has been established that the protecting osmolytes preferentially destabilize the unfolded states (affecting protein backbone), and have significantly less effect on the native folded state (or the side chains)[@b8][@b9][@b10]. While these osmolytes are expected to contract the unfolded state[@b11] favoring indirectly the folded state, they may not necessarily offer any specificity towards the aggregation prone partially folded intermediates. The second property (denaturant like) can be satisfied using any common denaturant, like Gdn.HCl or urea.

In a small screening experiment involving twenty small molecules (mostly protecting osmolytes), we have found an additive, arginine, to be the most successful in its ability to minimize aggregation of two different recombinant proteins. Arginine can be used as a convenient model small molecule to test the above hypothesis because it contains a glycine backbone (colored green in [Figure 1a](#f1){ref-type="fig"}) and hence it may behave like a protecting osmolyte. In addition, the denaturant like property of arginine would arise from its guanidine side chain (colored red in [Figure 1a](#f1){ref-type="fig"}). Interestingly, arginine has found tremendous applications in biotechnology because of its roles in increasing protein solubility and refolding yields[@b12][@b13][@b14][@b15]. The mechanism of arginine\'s action remains controversial. While it has been shown that arginine can follow protecting osmolyte like behavior[@b16], it has also been shown to unfold proteins, albeit partially[@b17]. The dual roles of arginine has been suggested by previous reports[@b18].

In this paper, we aim to show that the efficiency of arginine as an aggregation inhibitor arises due to its ability to combine unfolded state contraction and its property to unfold aggregation prone partially folded proteins. To achieve that, we have prepared different mutant proteins ([Table S1, Supporting Information](#s1){ref-type="supplementary-material"}) of varying aggregation propensities using a combination of computational biology, bioinformatics and tryptophan scanning mutagenesis. Tryptophan is used as the probe since its conformation and surface accessibility can be determined easily and conveniently using steady state fluorescence.

A small (92 amino acids) protein, Kinetoplastid Membrane Protein-11 or KMP-11, found in *Leishmania* parasites is used as the template for designing these mutants. The protein KMP-11 is being developed as a potential vaccine candidate against visceral leishmaniasis[@b19]. Another reason why this protein has been chosen is because it does not have any tryptophan residue in its native folded state and hence the tryptophan probe can be inserted at different regions conveniently. Moreover, KMP11 does not have any proline or cysteine residue ruling out complications of proline related misfolding and cysteine-cysteine bond formation. In addition, a key prediction has been verified using an additional protein system, namely, the intestinal fatty acid binding proteins (IFABP).

Contraction of the unfolded states of the mutant proteins in the presence of different additives including arginine has been studied by fluorescence correlation spectroscopy (FCS) at single molecule resolution. In contrast, the conformation and stability of these mutant proteins have been studied by a variety of ensemble biophysical techniques. Our results show that arginine while contracting the unfolded states also destabilizes the partially folded mutants selectively. This results in more efficient refolding kinetics and a large decrease in the aggregation propensity. For arginine, the extent of destabilization and the increase in refolding efficiency correlate well. Two small molecule controls, a protecting osmolyte without any denaturant like behavior (sucrose) and a denaturant lacking any protecting osmolyte like behavior (Gdn.HCl), do not offer any specificity towards the aggregation prone partially folded mutants. Sucrose, for example, offers a generic stabilization and the extent of sucrose-induced stabilization is similar for all the mutants irrespective of their tertiary structures. We show further that the relative amplitude of these properties (unfolded state contraction and denaturant like) present in arginine may vary depending on the nature of target proteins, solution conditions and other factors.

Results
=======

The KMP-11 mutants offer similar secondary structures but different extent of tryptophan surface accessibilities, tertiary structures and exposed hydrophobic surfaces
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Different single site mutants have been designed by computationally calculating the solvent accessible surface area (SASA) of a tryptophan residue placed at different positions of KMP-11 ([Table S1, Supporting Information](#s1){ref-type="supplementary-material"}). More information about the structural modeling and detailed validation of the modeled structure has been provided (Materials and Methods Section and also as [Figures S1--S3, Supporting Information](#s1){ref-type="supplementary-material"}).These mutations span almost the entire length of KMP-11 ([Figure 1b](#f1){ref-type="fig"}). The assumptions behind the design of the mutations are that, first, the inserted tryptophan residue would experience different extents of surface accessibility; and second, these slight changes in the local environment would not lead to any significant change in the overall secondary structure. Instead, these variations would result in observable change in the tertiary interactions in the protein. Alternatively, the overall goal is to design a number of partially folded proteins of identical secondary structure, but with varying degrees of tertiary interaction, exposed hydrophobic surface and aggregation propensity.

To experimentally test the first assumption, the computationally designed mutants have been cloned, expressed and purified ([Figure 1c](#f1){ref-type="fig"} and [Table S2, Supporting Information](#s1){ref-type="supplementary-material"}). The values of solvent accessibility have been measured experimentally by determining the Stern-Volmer constants (K~SV~, [Figure 1d](#f1){ref-type="fig"}). Since the acrylamide quenching results obtained using steady state fluorescence methods may have complications arising from the static components of fluorescence quenching, key quenching experiments are repeated using time resolved fluorescence spectroscopy ([Figure S4, Supporting Information](#s1){ref-type="supplementary-material"}). The values of computationally determined solvent accessible surface area (SASA) of the inserted tryptophan residue correlate well with the experimentally observed K~SV~ values ([Figure 1e](#f1){ref-type="fig"} and [Table S1, Supporting Information](#s1){ref-type="supplementary-material"}).

We have used a combination of CD, tryptophan fluorescence and ANS binding experiments to test the second assumption ([Figure 2](#f2){ref-type="fig"}). Indeed, the overall secondary structures of KMP-11 mutants have been found similar ([Figure 2a](#f2){ref-type="fig"} and [Figure S5a, Supporting Information](#s1){ref-type="supplementary-material"}) while their tertiary structures differ. One of these mutants, Y48W, is found to have strong tertiary structure as judged by near-UV CD ([Figure 2b](#f2){ref-type="fig"} and [Figure S5b, Supporting Information](#s1){ref-type="supplementary-material"}). Steady state fluorescence spectroscopy suggests that the tryptophan residue in Y48W mutant is buried well inside the protein hydrophobic core ([Figure 2c](#f2){ref-type="fig"} and [Figure S5c, Supporting Information](#s1){ref-type="supplementary-material"}). Furthermore, Y48W does not efficiently bind ANS ([Figure 2d](#f2){ref-type="fig"}). In a nutshell, therefore, Y48W represents a well folded protein with native like tertiary structure.

In sharp contrast, F77W shows diminished near-UV CD ([Figure 2b](#f2){ref-type="fig"} and [Figure S5b, Supporting Information](#s1){ref-type="supplementary-material"}). This mutant is characterized by the weakest fluorescence intensity and its emission maximum is red shifted to 350 nm ([Figure 2c](#f2){ref-type="fig"} and [Figure S5c, Supporting Information](#s1){ref-type="supplementary-material"}). The steady state fluorescence behavior of n-acetyl tryptophanamide (NATA, a free tryptophan analog) in aqueous buffer is found identical to that of F77W ([Figure S6a, Supporting Information](#s1){ref-type="supplementary-material"}). Thus, the mutant Y77W represents a partially folded protein completely lacking any tertiary structure. Near UV CD, steady state fluorescence, acrylamide induced quenching behavior, and ANS binding properties of rest of the mutants remain between the above two extremes ([Figure S5, Supporting Information](#s1){ref-type="supplementary-material"}).

Arginine affects the conformation of the folded state of the tryptophan mutants while sucrose does not
------------------------------------------------------------------------------------------------------

[Figure 3](#f3){ref-type="fig"} shows far-UV CD ([Figure 3a](#f3){ref-type="fig"}), near-UV CD ([Figure 3b](#f3){ref-type="fig"}) and fluorescence spectra ([Figure 3c](#f3){ref-type="fig"}) of Y48W (left), F73W (middle), and F77W (right panel) mutants in the absence (black) and presence of 500 mM arginine (red), 500 mM gdn.HCl (blue) and 1 M sucrose (dark green) respectively. Sucrose and gdn.HCl have been used as controls representing a common protecting osmolyte and a popular protein denaturant respectively. These three mutants (Y48W, F73W, and F77W) are chosen because in these three mutants, the inserted tryptophan residue experiences large differences in the solvent accessibilities. While Y48W and F77W represent completely buried and exposed tryptophan residue respectively, the F73W mutant shows intermediate solvent exposure.

The addition of sucrose does not have any significant effect on the secondary ([Figure 3a](#f3){ref-type="fig"}) or tertiary ([Figure 3b](#f3){ref-type="fig"}) structures of any of the mutants studied. The local environment of the tryptophan residue has been found unperturbed by sucrose ([Figure 3c](#f3){ref-type="fig"}). The addition of gdn.HCl, on the other hand, results in large decrease in the secondary and tertiary structures of the mutant proteins with significant alterations in the tryptophan environments.

It can be concluded that the effect of arginine is closer to that of gdn.HCl and is very different from that of sucrose. However, arginine and gdn.HCl results differ in two important aspects. First, the extent of conformational perturbation is significantly higher in gdn.HCl compared to that in arginine at identical concentration (500 mM). Second, the effect of arginine shows greater dependence on the nature of the mutants compared to gdn.HCl. As a matter of fact, the near-UV CD spectra of some of the partially folded mutants (for example F73W) are significantly different in their spectral characteristics in the presence of arginine (please refer to the red trace in the middle column of [Figure 3b](#f3){ref-type="fig"}).

The above results have been complemented by ANS binding ([Figure 4a](#f4){ref-type="fig"}) and acrylamide quenching measurements ([Figure 4b](#f4){ref-type="fig"}, also shown in [Table S3, Supporting Information](#s1){ref-type="supplementary-material"}). As shown before, the extent of ANS binding varies between different KMP-11 mutants. In the absence of additives, the mutants with partial or no tertiary structures bind ANS more efficiently than Y48W (buried tryptophan) ([Figure 2d](#f2){ref-type="fig"} and [4a](#f4){ref-type="fig"}). The addition of arginine leads to complete loss of ANS binding ([Figure 4a](#f4){ref-type="fig"}) and a large increase in the K~SV~ values for the partially folded mutants ([Figure 4b](#f4){ref-type="fig"}). In contrast, the addition of sucrose does not have any systematic effect on the ANS binding ([Figure 4a](#f4){ref-type="fig"}) or K~SV~ values ([Figure 4b](#f4){ref-type="fig"}) of any of the mutants. The presence of gdn.HCl shows significantly higher effect on K~SV~ compared to that of arginine ([Figure 4b](#f4){ref-type="fig"}).

Both arginine and sucrose contract the unfolded state of the tryptophan mutants
-------------------------------------------------------------------------------

In the previous section, we have shown that both arginine and gdn.HCl have large effects on the conformations of the folded states of the KMP-11 mutants, and sucrose does not. In this section, we have investigated the effects of these small molecules on the unfolded states of KMP-11 mutants. Unfortunately, it is difficult, if not impossible, to study the conformation of the unfolded state using a traditional ensemble technique like CD or steady state fluorescence. Therefore, we have used fluorescence correlation spectroscopy (FCS) for this purpose. FCS offers information about the hydrodynamic radius and conformational dynamics at single molecule resolution. A brief discussion on FCS and the data analysis procedures are discussed in the material and methods section, [Supporting Information](#s1){ref-type="supplementary-material"}.

The data presented in [Figure 4c](#f4){ref-type="fig"} show representative correlation functions obtained with Alexa488Maleimide labeled Y48W/S9C mutant in the absence and presence of 500 mM arginine. Insertion of a cysteine residue (S9C) is needed for the labeling of the mutant proteins with the fluorescent dye, Alexa488Maleimide. Far UV CD spectroscopy shows that the attachment of the fluorescence dye does not result in any significant change in the secondary structure any of the mutants ([Figure S6b, Supporting Information](#s1){ref-type="supplementary-material"}). The presence of arginine decreases the diffusion time (τ~D~) of the protein and identical result has been obtained with sucrose. The values of τ~D~ have been used to determine the hydrodynamic radii (r~H~) of the protein in the presence of different concentrations of sucrose and arginine ([Figure 4d](#f4){ref-type="fig"}). The results presented in [Figure 4d](#f4){ref-type="fig"} show the presence of at least two conformers in the unfolded state of KMP-11 mutants. One of them (U) is extended while the other one (U′) is relatively more compact. The relative population of these two states depends on the presence of solution additives. For example, in the presence of 6 M urea and no additive, the extended conformer (U) is solely present and the population of U′ is negligible. With the increase in the concentration of sucrose or arginine keeping the urea concentration at 6 M, the population of U′ increases at the expense of U. The compact conformation (U′) is predominantly present in the presence of 500 mM sucrose or arginine (in 6 M urea). It is interesting to note that the behaviors of arginine and sucrose are almost identical in this regard. It may be pointed out that these two conformers (U and U′) are completely unfolded and indistinguishable by steady state fluorescence and CD.

### Both sucrose and arginine increase the refolding efficiencies of the tryptophan mutants. However, arginine destabilizes the tryptophan mutants while sucrose stabilizes them

For these experiments, we have studied the effects of 500 mM arginine, sucrose and gdn.HCl on the thermal stability and refolding efficiency (RE) of KMP-11 mutants. The mid-points of the thermal unfolding transitions are used as the measure of thermal stability ([Equation S4](#s1){ref-type="supplementary-material"}). RE has been used as the measure of aggregation propensity, which is measured by determining the reversibility of the thermal transitions ([Equation S5](#s1){ref-type="supplementary-material"}). We have also assumed that the mutant proteins with partial or no tertiary structure and large exposed surface area would show less RE. This assumption effectively means that the ANS binding affinity of the mutants should have an inverse correlation with the RE and the data shown in [Figure S7](#s1){ref-type="supplementary-material"} ([Supporting Information](#s1){ref-type="supplementary-material"}) establish that correlation.

[Figure S8](#s1){ref-type="supplementary-material"} ([Supporting Information](#s1){ref-type="supplementary-material"}) shows thermal unfolding transitions of Y48W (strong native like tertiary structure), F73W (partially folded with loose tertiary structure) and F77W (no tertiary structure) mutants in the absence and presence of 500 mM arginine, 1 M sucrose and 500 mM gdn.HCl. The line drawn through data in each transition represents the fit using the two-state unfolding transition model (see [Equation S4, Supporting Information](#s1){ref-type="supplementary-material"}).

In the case of Y48W mutant, the two-state fit of its thermal unfolding transition in the absence of any additive ([Figure S8a, Supporting Information](#s1){ref-type="supplementary-material"}) yields a mid-point (T~m~) value of 322 ± 0.2 K. The addition of arginine leads to a decrease in the thermal stability (T~m~ of 316 ± 0.5 K with 500 mM arginine). However, the extent of the decrease in the stability is significantly larger in the presence of same concentration of gdn.HCl (T~m~ of 304 ± 0.8 K with 500 mM gdn.HCl). The presence of sucrose, on the other hand, increases the thermal stability of Y48W mutant (T~m~ of 327 ± 0.2 K with 1 M sucrose).

Similar trend was also observed for other mutants. However, in the presence of 500 mM gdn.HCl, the thermal unfolding transitions are not straight forward. In some cases, for example with F77W, unfolding occurs very early and the baseline regions are not well defined ([Figure S8b, Supporting Information](#s1){ref-type="supplementary-material"}). It is difficult to analyze this behavior using the two-state model we employed. The fitting parameters obtained from the thermal unfolding experiments of the tryptophan mutants are shown in [Table S4, Supporting Information](#s1){ref-type="supplementary-material"}.

The values of RE are shown in [Table S4](#s1){ref-type="supplementary-material"}. It is evident from the table that arginine increases the refolding of the KMP-11 mutants significantly. Addition of sucrose also increases the extent of refolding of KMP-11 mutants but its effect is less than that of arginine. The addition of 500 mM Gdn.HCl has a general decreasing effect on the refolding efficiency. This is not surprising and the presence of low concentration of Gdn.HCl has been shown to initiate aggregation in other proteins also[@b20].

### Sucrose influences the thermal stability and RE of the tryptophan mutants identically. The effect of arginine depends on the nature of the mutants

Assuming the mid-points of a particular mutant in the absence and presence of an additive (sucrose, arginine or gdn.HCl) of concentration \[C\] to be T and T~S.C~ respectively, the change in stability of the mutant in the presence of that additive is Similarly, the change in the refolding efficiency (ΔRE~S,C~) and the change in ANS binding efficiency (ΔAB~S,C~) of a particular mutant induced by the additive of concentration \[C\] could be defined as and [Figure 4e](#f4){ref-type="fig"} plots the variations of ΔRE~S,C~ and ΔAB~S,C~ with ΔT~S,C~ for all the KMP-11 mutants in the presence of 500 mM arginine. The corresponding plots in the presence of sucrose are shown in [Figure 4f](#f4){ref-type="fig"}. The x and y axes for both [Figures 4e and 4f](#f4){ref-type="fig"} have been kept identical for easy comparison. A comparison between [Figures 4e and 4f](#f4){ref-type="fig"} clearly shows that sucrose affects the thermal mid-points of all the mutants equally and the values of ΔT~Suc,C~ occupy a very narrow region in [Figure 4f](#f4){ref-type="fig"}. The presence of arginine, in contrast, affects the thermal stability of the mutants differently and the values of ΔT~Arg,C~ cover a wide range. Additionally, in the presence of arginine, both ΔRE~Arg,C~ and ΔAB~Arg,C~ correlate linearly with ΔT~Arg,C~. In the presence of sucrose, no correlation exists between ΔRE~Suc,C~, ΔAB~Suc,C~ and ΔT~Suc,C~.

The following points may be inferred from the above results. First, the addition of sucrose increases the stability and RE of all tryptophan mutants. The values of ΔT~suc,C~ and ΔRE~suc,C~ depend solely on the concentration \[C\]~suc~ and not the nature of the mutants. In contrast, the addition of arginine decreases the stability of all the mutants, but increases RE. The values of ΔT~Arg,C~ and ΔRE~Arg,C~ depend both on arginine concentration \[C\]~arg~ and on the nature of the mutants. Mutant proteins with stronger affinity towards ANS and lowest RE are the most destabilized by arginine, and there are direct correlations between ΔRE~Arg,C~, ΔAB~Arg,C~ and ΔT~Arg,C~. Second, while arginine competes with ANS for the exposed hydrophobic surface, sucrose does not recognize exposed hydrophobic surface. Third, the effect of gdn. HCl differ in two important aspects: a) at identical concentration, ΔT~arg,C~ is much less compared to ΔT~gdn,C~ and large instability induced by gdn.HCl makes data analyses difficult using a two-state model; b) at low concentration (e.g. 200--500 mM used in the present study), arginine increases while gdn.HCl typically decreases the RE.

Arginine simplifies the refolding kinetics of the partially folded mutants while sucrose does not have any significant effect
-----------------------------------------------------------------------------------------------------------------------------

It has been shown that GroEL, one of the most extensively studied molecular chaperones, decreases protein aggregation by minimizing the number of possible routes a protein explores to reach its native folded state[@b21]. In order to get further insight into the effect of arginine, refolding kinetics experiments have been carried out using representative tryptophan mutants in the absence and presence of arginine and sucrose. Refolding has been initiated by diluting 11 times the protein unfolded at 6 M urea. Independent urea induced unfolding experiments with the tryptophan mutants helped us choose the initial (6 M urea) and final urea concentrations needed for these measurements (the representative data for the Y48W mutant are shown in [Figure S9a--b, Supporting Information](#s1){ref-type="supplementary-material"}). Refolding kinetics measurements of the mutant proteins show the presence of two rate constants in the absence of any additives ([Figure S10a--b, Supporting Information](#s1){ref-type="supplementary-material"}). A very rapid increase (rate constant, k~1~, of approx. 100 sec^−1^) followed by a relatively slow increase (rate constants, k~2~, varying between 2 sec^−1^ and 10 sec^−1^ depending on the mutants) in tryptophan fluorescence emission are observed by stopped flow fluorescence experiments. None of the rate constants and their relative amplitudes change at different excitation slit widths ruling out any contribution from photo-bleaching in any of the kinetic phase. The values of k~1~ and k~2~ do not have any dependence on protein concentrations, at least in the concentration range used in this study ([Figure S10c--d, Supporting Information](#s1){ref-type="supplementary-material"}). The presence of 500 mM sucrose does not change the rate constants of any of the mutants ([Figure 4g](#f4){ref-type="fig"}). The presence of 500 mM arginine, however, simplifies the refolding kinetics of most of the mutants (the kinetic trace for the F73W is shown in [Figure 4g](#f4){ref-type="fig"}). In the presence of 500 mM arginine, the overall refolding kinetics of these proteins ([Figure 4g](#f4){ref-type="fig"} shows the data for F73W) could be fit only to a single component. Interestingly, the addition of arginine to Y48W (strong tertiary structure with buried tryptophan), does not have any significant effect (see below).

The addition of sucrose or arginine does not have any significant effect on the rate constants of the fast phase (k~1~) of any of the KMP-11 mutants. The rates of the slow phase (k~2~) increase with the arginine concentration for the KMP-11 mutants ([Figure 4h](#f4){ref-type="fig"}), except for Y48W (the folded mimic, [Figure 4h](#f4){ref-type="fig"}), in which k~2~ remains unchanged. The amplitude of the slow phase (a~2~) decreases with arginine concentration and becomes negligible at high concentration ([Figure S10h, Supporting Information](#s1){ref-type="supplementary-material"}). The negligible value of a~2~ at high arginine concentration explains the absence of the second component as described in the previous paragraph ([Figure 4g](#f4){ref-type="fig"}). The presence of sucrose does not show any effect on either the amplitudes or the rate constants (see [Figure 4i](#f4){ref-type="fig"} and [Figure S10e--f, Supporting Information](#s1){ref-type="supplementary-material"}).

It is to be noted that the refolding kinetics could not be measured for F77W. This is because, F77W does not offer any change in tryptophan fluorescence intensity in the absence or presence of urea. Although the viscosity of sucrose solution has been shown to decrease the rate constant of refolding of CspB[@b22], this effect is not observed in the present study. This is because; the use of 500 mM sucrose does not lead to a large enough change in viscosity to be able to influence the refolding kinetics.

Discussion
==========

The mechanism of the action of sucrose may be described by a simple pathway as described in [Figure 5a](#f5){ref-type="fig"}. In this pathway, at least two conformers of the unfolded state (U′ and U) have been assumed to be in equilibrium. U′ is relatively more compact with higher potential energy compared to the extended conformer (U). The presence of a compact and an extended conformer in the unfolded state has been established by the FCS results. In the presence of a protecting osmolyte, like sucrose, the higher energy compact state (U′) is preferred over the extended state (U). This in turn leads to an increase in the free energy of unfolding in the presence of sucrose (ΔG~Suc,C~ \> ΔG in [Figure 5a](#f5){ref-type="fig"}), which is observed in the thermal unfolding results. Since, this pathway deals entirely with the free energy change between two unfolded conformers (ΔG~U~), and does not consider any aspect of folded (N) or folded like (N′) conformations, we can conclude

Since all KMP-11 mutants approximately contain the same back-bone surface area, the contribution of ΔG~U~ (and hence ΔG~Suc,C~) would be similar for different mutants.

The mechanism of arginine\'s action is more complex ([Figure 5b](#f5){ref-type="fig"}). Similar to sucrose and other protecting osmolytes, arginine increases the population of U′. Like a denaturant, it also increases the free energy of the folded states (increases the population of N′). The change in folding free energy in the presence of arginine (ΔG~Arg,C~), hence, contains two components; one arising from the unfolded state destabilization/contraction (ΔG~U~) and the second one from the destabilization of the native state (ΔG~N~) as

For KMP-11 mutants, the addition of arginine leads to an overall destabilization (i.e ΔG~Arg,C~ \< ΔG), which implies that ΔG~N~ has greater contribution compared to ΔG~U~. The present results also indicate that the value of ΔG~N~ is higher for mutants with greater aggregation propensities. Alternatively, arginine interacts with the folded state of an aggregation prone mutant more efficiently compared to one which is less aggregation prone. Extrapolation of this to a protein with 100% refolding efficiency (and no aggregation propensity) even in the absence of any additive, effectively means, that arginine would behave like a protecting osmolyte (because ΔG~Arg,C~ = ΔG + ΔG~U~ as ΔG~N~ = 0). The intestinal fatty acid binding protein (IFABP) unfolds thermally with 100% refolding efficiency and in cooperative fashion. Like KMP-11, IFABP is a convenient model protein with no cysteine or proline residue and different aspects of its folding thermodynamics and kinetics have been extensively studied[@b23][@b24][@b25]. The melting temperature of its thermal unfolding and the extent of refolding are 344°K and 100% respectively. As predicted, the addition of arginine stabilizes the protein with mid-points of unfolding in the presence of 200 mM arginine being 357°K.

The data shown in [Figure 6](#f6){ref-type="fig"}, directly show the presence of these two components in arginine. In contrast, sucrose has only one linear protecting osmolyte like component ([Figure 6](#f6){ref-type="fig"}). More interestingly, the relative proportions of these two components (protecting osmolyte like and denaturant like) are not constant and they vary significantly for different mutants. Although several factors would affect the proportions of these two components, some of key ones may be the nature of proteins, the extent of misfolding stress and the concentration of arginine. A thorough understanding of these components and their fine-tuning could be useful to design a chemical chaperone, which is more potent and more specific in rescuing a mis-folded protein.

Finally, it is important to discuss the potential caveats of the present study. Although we have validated some of the data with a protein of known structure (IFABP), majority of the present results have been obtained with a protein with predicted structure, which may not be correct. While the present results establish strongly the superiority of arginine over sucrose (and gdn.HCl) towards the inhibition of protein aggregation, any generalized understanding of the mechanism of its action would require detailed studies involving other proteins of solved structures. Our laboratory has already presented results using two other proteins of predominately α-helical structure[@b26][@b27]. Several other proteins (with β-sheet and natively unfolded character) are also being investigated to find out if the differences in secondary structure (α-helix, β-sheet or the natively unfolded) play any roles in the mechanism of the small molecule chaperones. Nevertheless, we would argue that the results and the strategy presented in this paper would be beneficial for the stabilization of biologics pharmaceuticals and otherwise important proteins, whose structures are not available.

Methods
=======

A short summary of the materials and methods section is provided in the following paragraph and the detailed description of every experiment has been supplied as [Supporting Information](#s1){ref-type="supplementary-material"}.

The predicted structure of KMP-11 was obtained using a composite approach which combines threading, ab-initio modeling and atomic-level structure refinement methods. Molecular dynamics simulations were carried out with the tryptophan mutants of KMP-11 to computationally determine the solvent accessible surface area (SASA) of the tryptophan side chains. Far-UV and near-UV CD experiments were carried out in the absence and presence of different additives to study the effects of the additives on the secondary and tertiary structures. Steady state tryptophan fluorescence (excitation at 295 nm) was used to determine the local environment of the inserted tryptophan residues. ANS binding was measured using steady state fluorescence experiments using an excitation wavelength of 360 nm. Thermal unfolding transitions were measured using the temperature dependence of far UV CD and the data was fit using a two-state assumption. All the experiments were repeated at least three times to establish the trend. A free cysteine residue was inserted in every tryptophan mutant to label with Alexa488Maleimide, which is needed for the FCS measurements.
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![(a) The molecular structure of arginine: The backbone resembles glycine, which is a known protecting osmolyte. The side chain of arginine is identical to gdn.HCl, which is a common denaturant. (b) The predicted structure of KMP-11: The positions of the inserted tryptophan residues are shown using black arrows. The predicted structure was obtained using a combination of threading, ab-initio modeling and atomic-level structure refinement methods of I-TASSER[@b28][@b29] from Zhanglab server. The modeled structure was equilibrated in aqueous environment using a molecular dynamic simulation run of 100 nsec (see materials and methods, [Supporting Information](#s1){ref-type="supplementary-material"}); (c) SDS page electrophores of the purified mutants (d) Acrylamide quenching experiments of the tryptophan mutants of KMP-11: The change in F~0~/F with acrylamide concentration is the minimum for the Y48W mutant (red line with filled circles). The change in F~0~/F with the acrylamide concentration is the maximum for the F77W mutant (black line with filled squares). The change in F~0~/F with acrylamide concentrations for other mutants lies between these two extremes (black lines with hollow symbols); (e) The linear correlation observed between the experimentally determined K~SV~ (M^−1^) values and the calculated solvent accessible surface area (SASA) (%). Three independent measurements were used to calculate the error bars for Ksv.](srep03525-f1){#f1}

![(a) Far-UV CD (b) Near-UV CD and (c) Tryptophan fluorescence spectra of Y48W (black), F73W (red) and F77W (blue) mutants of KMP-11(d) Steady state fluorescence emission spectra of ANS in the presence of Y48W (black), F73W (red), and F77W (blue). Also see [Figure S5, Supporting Information](#s1){ref-type="supplementary-material"} for these data for all the mutants. For all ANS experiments, an ANS solution of the same concentration in 20 mM sodium phosphate buffer at pH 7.4 has been used as a background and subtracted from the experimentally observed data. An excitation wavelength of 360 nm has been used for the ANS experiments. For the steady state tryptophan fluorescence experiments, a 20 mM sodium phosphate buffer at pH 7.4 has been used as the background.](srep03525-f2){#f2}

![(a) Far-UVCD (b) Near-UVCD and (c) Steady state tryptophan fluorescence measurements of Y48W (left), F73W (middle) and F77W (right column) KMP-11 mutants in the absence (black) and presence of 500 mM arginine (red), 500 mM gdn.HCl (blue) and 1 M sucrose (dark green). Necessary background corrections were made in each measurement. All these experiments were carried out in 20 mM sodium phosphate buffer at pH 7.4 at 25°C.](srep03525-f3){#f3}

![(a) The extent of ANS binding in the absence (black) and presence of 500 mM arginine (red) and 1 M sucrose (blue). The extent of ANS binding has been determined by measuring the steady state fluorescence emission intensity at 475 nm. An ANS solution of the same buffer (in the absence and presence of sucrose or arginine of the same concentration) has been used as a background whose contribution has been subtracted at each data point. (b) The variation of K~SV~ values for different KMP-11 mutants in the absence (black) and presence of 500 mM arginine (red), 1 M sucrose (blue), and 500 mM gdn.HCl (green). (c--d) FCS data: The representative correlation functions (c) obtained with the FCS experiments using the urea unfolded F77W/F9C mutant in the absence (black) and presence of 500 mM arginine (red). The fits of the data assuming a simple diffusion of the protein with the diffusion time of τ~D~ are shown by the residual distribution analyses (black and red in the absence and presence of arginine respectively, inset); (d) The variations of hydrodynamic radii (r~H~) of different unfolded mutants induced by increasing concentrations of arginine and sucrose; (e--f) Correlations between the thermal stability, ANS binding and Refolding efficiency: The variation in ΔRE~S,C~ (black) and ΔAB~S,C~ (red) with ΔT~S,C~ in presence of 500 mM of (e) arginine and (f) sucrose. Both figures are plotted with the same scale for the ease of comparison. (g--i) Refolding kinetics data of the KMP11 mutants: (g) The refolding kinetics trace in the absence of any additive (black trace) could be fit to a sum of two exponentials. The nature of kinetics did not change in the presence of 500 mM sucrose (blue trace). The addition of 500 mM arginine simplifies the refolding kinetics removing the second slow component (red trace); (h) For the partially folded mutants (shown are F73W, F51W, and F30W), the values of k~2~ increased with the increase in the concentration of arginine, while the native like mutant (Y48W) showed no significant increase; (i) The addition of sucrose did not show any significant change in the values of k~2~. The error bars were calculated using three independent measurements.](srep03525-f4){#f4}

![The potential energy diagrams for (a) sucrose and (b) arginine.\
(a) For sucrose, two conformations of the unfolded state (U and U′) were found present in equilibrium. U is extended and U′ is relatively more compact and energetically unfavorable. The addition of sucrose enhanced the population of U′ resulting in higher free energy of unfolding (ΔG~Suc,C~ ≫ ΔG). ΔG and ΔG~Suc,C~ are the free energy of unfolding in the absence and presence of sucrose at concentration C, respectively. The folding pathways in the absence and presence of sucrose were differentiated using blue solid line (in the absence) and red dotted line (in the presence of sucrose), respectively. (b) The addition of arginine increases the free energy of the native states (and form N′). In the absence of arginine, refolding is complex and characterized by several pathways (stopped flow data, [Figure 4g](#f4){ref-type="fig"}). The addition of arginine simplifies refolding and makes it relatively simpler (stopped flow data, [Figure 4g](#f4){ref-type="fig"}) and more efficient (RE data, [Figure 4e](#f4){ref-type="fig"}). The free energy diagrams in the absence and presence of the additives have been differentiated using blue solid line (in the absence) and red dotted line (in the presence of additives).](srep03525-f5){#f5}

![The components of protecting osmolyte like and denaturant like properties of arginine in the case of (a) Y48W (b) and F77W.\
The arginine data for Y48W clearly showed the presence of two components, while the sucrose data for all the mutants have one linear stabilizing component.The transition points between these two components for the arginine data are shown by arrows. Three independent measurements were used to determine the error bars shown in this figure.](srep03525-f6){#f6}
